Experimental
Introduction
Cationic surfactants are widely spread in disinfectants, antifriction and emulsifying agents. Cetyltrimethylammonium bromide (CTAB) is a cationic surfactant that is used chiefly as lozenges or solutions for treating minor infections of the mouth and throat. It is also used topically for treating skin and eyes infections. 1 An uncontrolled use of surfactant results in their accumulation in soil as well as in industrial wastewater, and become one of the major causes of soil and water pollution. This is why the increased interest in analysis methods for determining these compounds in different samples can be well understood. 2 Spectrophotomety, 3,4 chemiluminescence 5 and HPLC 6 have been used for the determination of CTAB. However, the procedures used in these methods are time-consuming, expensive and involve the use of many harmful organic solvents.
A simple and reliable analytical technique is needed to determine cationic surfactants in different media. Hence, interest in the potentiometric determination of cationic surfactants with ionselective electrodes has grown in the past three decades. 7 Some PVC membrane electrodes have been proposed for CTAB, based on ion-exchangers, such as cetyltrimethylammoniumdodecylsulfate, 8 cetyltrimethylammonium-phosphotungstate, 9 and cetyltrimethylammonium-trinitrobenzenesulfonate, 10 or neutral carriers as dibenzo-18-crown-6. 11 Active materials, such as hexadecylbenzenesulfonate with teraphenylborate 12 and fullerene, 13 have also been used in ion-selective electrodes for CTAB.
Potentiometric sensors of cationic surfactants based on ion exchangers or active materials immobilized in a PVC matrix actually have many problems related to signal stability and reproducibility. Additionally, the highest limits of detection obtained prevent their use in surfactant determination at a trace level. So far, none of the available polymeric membrane electrodes seem to have an adequate lower detection limit and/or selectivity for monitoring CTAB in wastewater samples.
In this work, several ion-associates were prepared and tested as electroactive materials in PVC membranes and in carbon pastes to investigate the optimized composition of the sensor and the experimental variables that contribute to the electrode response. This has led to the development of a simple, sensitive, and reliable method for surfactant determination. In our case, a carbon paste electrode modified with tetrachloropalladate (CTA-TClP) provides more robust and stable devices than that shown by electrodes with an inner reference solution. Compared with ion-selective electrodes based on polymeric membranes, a chemically modified carbon paste electrode (CMCPE) possesses advantages of ease of preparation, ease of regeneration, stable response and very low Ohmic resistance. 14 Additionally, a lower detection limit was obtained by the prepared CMCPE with respect to those with internal reference solutions. The electrode was used for the potentiometric determination of CTAB in different media and on-line direct potentiometric monitoring of this surfactant in a flow system. The electrode was tested as an end-point indicator in the potentiometric titration of the surfactant, and was also used for determining its critical micelle concentration (cmc) by applying a potentiometric method. of the test solutions.
A single-stream FIA system was used. It is composed of a four-channel peristaltic pump (Ismatec, ISM 827) propelling a carrier solution of 0.01 M sodium sulfate through polypropylene tubing at a flow rate of 2.5 ml min -1 . An injection valve (Rheodyne, Model 5020), fitted with an exchangeable sample loop, was used for sample injection. The electrode was connected to a WTW micro-processor pH/ion-meter pMx 2000 (Weilheim, Germany) and interfaced to a strip chart recorder, Model BD111 from Kipp and Zonen (Deflt, Netherlands).
Materials
All of the reagents used throughout the work were of analytical reagent grade, and solutions were made with doubly distilled water. CTAB and its commercial preparation Citrolin ® mouth wash & gargle (25 mg/ml) were provided by the PharcoPharmaceuticals (Alexandria Co., Egypt). Sodium tetrachloropalladate(II), sodium hexanitritocobaltate(III), potassium teracyanonickelate(II), potassium hexacyanoferrate(III), dioctyl phthalate (DOP), dibutyl phthalate (DBP), tricresyl phosphate (TCP) and diisononyl phthalate (DINP) were obtained from Aldrich.
A stock solution (10 -1 M) of CTAB was prepared and used for the preparation of 1 × 10 -3 -1 × 10 -8 M solution by serial dilutions. The solutions were standardized by applying an appropriate recommended method using standard sodium dodecylsulfate solution. 15 
Preparation of the ion-associates and the electrodes
The ion-associates cetyltrimethylammonium-tetrachloropalladate ((CTA)2TClP), cetyltrimethylammonium-tetracyanonickelate ((CTA)2TCN), cetyltrimethylammonium-hexanitrocobaltate ((CTA)3HNC) and cetyltrimethylammonium-hexacyanoferrate ((CTA)3HCF) were prepared as previously described by Ibrahim 16 and their compositions were confirmed by C, H and N elemental analyses using an automatic CHN analyzer (PerkinElmer, Model 2400). The metal content in each ion-associate was determined by digesting the compound in boiling H2SO4/H2O2 mixture, followed by an atomic absorption assay using a Perkin-Elmer spectrometer (Model 2380).
PVC-membranes were prepared as previously described by Thomas and coworkers. 17 Modified carbon paste was prepared by mixing 0.05 -0.10 g of the ion exchanger, 0.025 -0.05 g cationic additive and 0.50 -1.0 g high purity graphite with acetone. The mixture was homogenized and left at room temperature to evaporate acetone; the impregnated carbon powder was then added to 0.80 -1.60 g of a plasticizer. Very intimate homogenization was then achieved by careful mixing with a spatula in an agate mortar, and afterwards rubbed by intensive pressing with a pestle. The ready prepared paste was then packed into the hole of the Teflon holder of the electrode. The carbon paste was smoothed onto paper until it had a shiny appearance, and was used directly for potentiometric measurements without preconditioning.
Selectivity of the sensors
Potentiometric selectivity factors of the electrodes were evaluated by applying the matched potential method (MPM). 18 According to this method, the activity of CTA + was increased from aA = 5 × 10 -6 M (reference solution) to àA in the range of 1 × 10 -5 to 1 × 10 -4 M, and the changes in potential (ΔE) corresponding to this increase were measured. Next, a solution of an interfering ion of concentration aB in the range of 1 × 10 -1 -1 × 10 -2 M is added to a new 5 × 10 -6 M reference solution until the same potential change (ΔE) was recorded. The selectivity factor, κ A,B MPM , for each interferent was calculated using the following equation:
Potentiometric determination
In batch measurements, the standard addition method was applied. 19 In this method the proposed electrode (CTA-CMCPE) was immersed into a sample of 20 ml with an unknown concentration (∼10 -7 -10 -4 M) of a CTAB solution, and the equilibrium potential of Eu was recorded. Then, 0.1 ml of 1.0 × 10 -3 M of standard CTAB was added into the testing solution and the equilibrium potential of Es was obtained. From the potential change, ΔE = Eu -Es, we could determine the concentration of the testing sample using the equation:
where Cx is the CTAB concentration of the testing sample, Cs is the concentration of the standard, Vx and Vs are the corresponding volumes, S is the slope of the electrode response, and ΔE is the change in potential.
The standard addition method was applied for the determination of CTAB in commercial preparations (Citrolin ® , mouth wash) and in industrial wastewater samples.
In FIA, samples of different concentrations of mouth wash and filtered industrial wastewater samples were injected to the optimized FIA system. 0.01 M Na2SO4 solution was propelled by a peristaltic pump at a flow rate of 2.5 ml min -1 . The CTA-CMCPE was used as a working sensor against an Ag/AgCl reference electrode. The average peak height of three signals for each sample was measured. A calibration graph (signal potential vs. -log[surfactant]) was obtained using 1.0 × 10 -6 -1 × 10 -3 M of standard CTAB solutions.
Potentiometric determination of critical micelle concentration (cmc) of CTAB
Microvolumes of 0.05 M CTAB working solutions were added successively in 50 ml of water using a microburette to generate a total concentration (Cs) ranging from 1 × 10 -4 to 2 × 10 -3 M CTAB and then the stabilized potential was measured using CTA-CMCPE as a working sensor against an Ag/AgCl reference electrode. The emf values were plotted as a function of the surfactant concentration, and the break in the emf-Cs profile was considered to be the critical micelle concentration (cmc) of the surfactant. The reproducibility of the emf measurements and hence cmc determination was crosschecked by carrying out duplicate runs.
Results and Discussion

Composition, response behavior and characteristics of the electrodes
It is well known that the performance characteristics of polymeric membrane electrodes based on ion-exchangers depend to a large extent on the nature of these ion-exchanges and their lipophilicities. Therefore, several water insoluble ionassociates of CTA + with different counterions were prepared and investigated herein as ion-exchangers for this cation in a PVC-membrane and in carbon paste electrodes. Preliminary experiments were carried out to obtain the best membrane and paste compositions.
The optimum composition of each electrode as well as the lower detection limits and slopes of the calibration graphs of these electrodes are depicted in Table 1 .
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As can be seen in Table 1 , the type of ion-exchanger greatly affected the response of the electrode. It is noteworthy to mention that the solubility of an ion-exchanger is one of the main factors that control the sensitivity of an ion-selective electrode that incorporates this ion-exchanger as an electroactive material. The lower limit of detection of this kind of sensor is known to be determined by the extent of dissolution of the exchanger from the membrane into the sample solution. 20 This was confirmed by the values of solubility of these ion-associates (Table 1) , which were determined by conductimetric method. 21 The results show that the ion-exchanger (CTA)2TClP has the least solubility and the electrode incorporating this ion-exchanger has the lowest detection limit. Therefore, this ion-exchanger was selected for preparing the studied sensors in this work. The other ion-associates are worthwhile, and can be considered to be promising for preparing better electrodes after further optimization.
Optimizing the lower detection limits of the electrodes
The actual challenge in the field of ion-selective electrode research is how to develop selective sensors with detection limits in the trace-level range. Unfortunately, most, or perhaps all, of the available surfactant ion-selective electrodes show detection limits around the micromolar concentration range.
In general, the lower detection limits of ion-exchanger type and neutral carrier type ISEs often depend on the kind of plasticizer in the sensing membrane. 22 Therefore, the influence of the plasticizer type and concentration on the characteristics of the CTAB-sensors was investigated by using four plasticizers with different polarities (DBP, DOP, TCP, and DINP). As is quite obvious from emf-pCTAB plots (Fig. 1) , the lowest detection limit was obtained for the electrode pasted with TCP. It seems that TCP, since it contains three tolyl ester groups that, in principle, are capable of interacting with cationic species and providing more appropriate conditions for extracting the highly lipophile CTA + ion into the paste prior to its exchange with the soft ion-exchanger, is reasonably resistant to solubilization by micelle.
Despite the proper slope and wide linear range of the electrode plasticized with DOP, the use of this solvent resulted in an increased interfering effect of other cationic surfactants. In the cases of other solvent mediators, the electrodes exhibit a limited linear segment of the calibration graphs and high detection limits.
There is experimental evidence from different papers that the addition of lipophilic ion of the same charge as the measuring ion to the sensing part of the electrode not only reduces the Ohmic resistance 23 and improves the response behavior and selectivity, 24 but also, in cases where the exchange capability of the ion-exchanger is poor, enhances the sensitivity of the electrode. 25 ISEs without ionic additives should be avoided, since otherwise inherent ionic impurities could have a decisive influence on the response characteristics. 26 Therefore, three cationic surfactants, namely dodecyltrimethylammonium bromide (DTAB), cetylpyridinium bromide (CPC) and ethylhexadecyldimethylammonium bromide (EHDAB) were examined as lipophilic additives for the present electrode. The examined weight ratio of the additive to the ion-exchanger was in the range of 1:5 to 1:2 wt%.
The cation ethylhexadecyldimethylammonium (EHDA + ) proved to be a beneficial additive for CTAB-sensors when added in a halfweight ratio of the ion-exchanger. the detection limit was observed, but an improvement in the potentiometric properties was detected and discrimination of the cations (Na + , K + , NH4 + , Mg 2+ , Ca 2+ , and Sr 2+ ) was clearly improved by more than one logarithmic unit of the selectivity factor, compared to an electrode without additive (data not shown). This cationic site creates permselectivity for the CTA + cation in the paste, and is essential for the performance of the electrode. The fact that lipophilic ions of the same charge as the measuring ions improve the ion selectivities has been described by many authors, 26 and the ideal performance of the electrode depends strongly on the exchange capability, and therefore, the optimum ratio of the additive to the ion-exchanger.
Among the different compositions studied, a paste containing 3.6 wt% (CTA)2TClP, 1.8 wt% EHDAB, 37.6 wt% graphite and 57 wt% TCP and the PVC-membrane composed of 1.2 wt% (CTA)2TCIP, 44.6 wt% PVC, 53.6 wt% TCP, and 0.6 wt% EHDAB exhibited the best response characteristics and the lowest detection limits. Therefore, these compositions were used to study various operation parameters of the electrodes. The electrochemical performance characteristics of these electrodes were systematically evaluated according to the IUPAC recommendations, 27 and are given in Table 2 . The dynamic response time 27 of the electrodes were tested by measuring the time required to achieve a steady state potential (within ±1 mV) after successive immersion of each electrode in a series of CTA + solutions, each having a 10-fold increase in concentration from 1.0 × 10 -6 to 1.0 × 10 -3 M. The CMCPE yielded steady potentials within 10 -15 s, and the PVCmembrane electrode had a response time of 20 -25 s. The potential reading remained constant to within ±1 mV for at least 10 min.
As can be seen from Table 2 , the lower limit of detection was obtained with the use of CMCPE (2.0 × 10 -7 M) compared to a slightly higher value of 3.5 × 10 -6 M exhibited by the PVCmembrane electrode. It seems that the polymeric membrane electrode has been adversely affected by zero-current transmembrane fluxes of the CTA + ions. 28 Already, very small changes of <1% in the total ionic concentration of the ISE membrane are sufficient to induce the leaking of primary ions into the sample, and thus cause the concentration in the contacting aqueous layer to be ca. 10 -6 M, even if the bulk sample virtually did not contain primary ions. Consequently, the limit of detection was found to be around 10 -6 M. 28 Also, two major problems encountered with the studied PVCmembrane electrode are the drift of the potentiometric signal with time, and the risk of membrane dissolution in the aqueous phase when the concentration of the surfactant approaches the critical micelle concentration (cmc). When the membrane is in contact with the surfactant solution for a long time, above the cmc, it turns white, indicating the penetration of water molecules into the membrane phase. After being dried (in the open air) water desorbs and the membrane becomes translucid again. Above the cmc, the surfactant may enter the organic phase and form aggregates of the inverse micelle type, which allow water molecules to enter the membrane. For inverse micelles, the hydrophilic part of the surfactant is oriented towards the interior of the micelle, and the hydrophobic part is oriented towards the outside. 7 The reproducibility of the electrodes was evaluated by preparing a series of five electrodes with similar composition of each type, and the response of these electrodes to the CTA + ion was tested by constructing five calibration graphs for each electrode. The results show that the averages of the slopes, detection limits and linear dynamic ranges were 56.3 ± 0.2 mV/decade, 2.0(± 0.3)× 10 -7 M and 6(± 0.5)× 10 -7 -1.0(± 0.1)× 10 -3 M, respectively, for the CTA-CMCPE and 51.7 ± 0.3 mV/decade, 3.5(± 0.3)× 10 -6 M and 7(± 0.5)× 10 -6 -1.0 × 10 -3 M, respectively, for the PVC-membrane electrode.
The standard deviation of measurements of the 1 × 10 -5 M of CTA + solution with the five CMCPEs was ±1.8 mV and with that of the PVC-membrane electrodes was 3.7 mV.
Based on the above results, the CTA-CMCPE was selected for analytical applications, since it exhibits a lower detection limit, a more robust behavior regarding the dissolution problem and a very stable response, as indicated by the lower standard deviation values of measurements.
Effect of the pH
The effect of the pH on the response of the electrodes was examined at 25˚C with a series of sample solutions (1 × 10 -5 -1 × 10 -3 M CTA + ). The pH was adjusted by adding small volumes of hydrochloric acid (0.1 -1 M) or sodium hydroxide to the test solutions, and the variation of potential was followed. It was found that the electrode showed virtually no appreciable variation in potential due to a pH change in the range of 2.7 -8.2. Therefore, the best performance for the CTA-sensing electrode should be achieved in this pH range.
Selectivity
The most important parameter of any potentiometric ion 576 ANALYTICAL SCIENCES MAY 2007, VOL. 23 . The selectivity of electrodes towards many inorganic cations and surfactants was measured by applying the matched potential method. 18 As described in the Experimental part, the selectivity factor is obtained as the ratio of the changes in the activity of the analytes (àA -aA) and interfering ion, aB. Table 3 presents the potentiometric selectivity factors, κ A,B MPM of the electrodes towards several inorganic cations and four different cationic surfactants. The κ A,B MPM values of the CMCPE and the PVC-membrane electrode toward each interferent are comparable. Inorganic cations do not interfere because of differences in the ionic size, mobility and permeability, while, the interference from cations of surfactants with similar structure to CTA + such as cetypyridinium (CP + ), dodecyltrimethylammonium (DTA + ), tetradecyltrimethylammonium (TTA + ) and ethylhexyldimethylammonium (EHDA + ) can be expected.
In order to determine the optimum tolerance of these cations, the working concentration range (1. 
Optimization of FIA system
In flow-injection measurements, it is important to optimize the flow parameters with respect to the sensor response to achieve the maximum sensitivity of the system and to maximize the sample throughput. The effect of the sample size and the flow rate on the performance of the electrode was assessed by injecting volumes between 9.4 and 500 μl of 10 -3 M CTAB at different flow rates. Sample loop having a size of 75 μl and a flow rate of 2.5 ml/min were found to be the optimum, and were used throughout this work.
The composition of the adjusting solution is another variable of significance. A certain saline level is required to buffer the ionic strength of the samples and to define an appropriate conductivity of the carrier solution flowing through the system. The saline composition also influences the response rate, the wash-out time of the ISEs, and their performance characteristics. Specially, it can affect the upper limit of the linear response, because of the dependence of the surfactant critical micelle concentration on the ionic media used. 29 Several salts were assayed for the adjusting solution including potassium sulfate, sodium chloride, potassium nitrate and barium chloride to study the cation or the anion influence on the response of the electrode. Good wash characteristics and higher sensitivities were obtained by the use of 0.01 M potassium sulfate as the adjusting solution, since sulfate was the anion that provided a better response among these tested anions.
Once the FI system was optimized, its evaluation was carried out. Standard CTAB solutions in the range of 1 × 10 -3 -1 × 10 -7 M are determined in triplicates. A calibration curve was constructed for the optimized flow injection system based on the peak heights, which follow the expected Nernstian behavior.
Application Analysis of CTAB in commercial preparations and wastewaters.
Commercial preparation of CTAB (Citrolin mouth wash & gargle (25 mg/ml)) and real wastewater samples containing CTAB from outfalls of a local detergents factory were potentiometrically determined in batch by applying the standard addition method 19 and using the FI technique. Table 4 gives a comparison of the results with those obtained by the standard potentiometric method. 16 The obtained values show that the present method is of comparable precision to that of the standard method and the variation in recovery within ±4.5%. The cmc value of a surfactant is usually determined from an abrupt change of a certain physical property, e.g. conductivity, over a very small concentration range of the compound. A frequent problem arises when the conductance method is used in the cmc determination of surfactants with a small aggregation number. In these cases, it is very difficult to determine the break in the conductanceconcentration curves and, consequently, the cmc is affected by a great uncertainty. To solve this problem, a potentiometric technique using a surfactant ion-selective electrode can be used as a good alternative. Because the electrode is sensitive to the concentration of surfactant ions in the solution, increasing the surfactant concentration changes the potential reading. Above cmc, however, the concentration of monomeric ions in solution changes only slightly and, accordingly, the electrode potential varies very little. The cmc value of CTAB was accurately determined from the constructed calibration graph (Fig. 3) , which consists of two linear parts intersected at a concentration equal to 1.02 × 10 -3 M. This value corresponds to the cmc of the surfactant. At the part of the curve before the cmc, the electrode has a quasi-Nernstian response, showing a complete dissociation of surfactant molecules at a concentration lower than cmc. At surfactant concentrations above the cmc value, the slope of the curve decreases drastically, revealing the association of surfactant molecules to form micelle. The cmc value of CTAB measured by this method is in good agreement with that obtained from surface tension and conductometric measurements (1.03 × 10 -3 M). 30 Determination of cmc value of CTAB in aquo-organic media using CTA-CMCPE. A large number of studies have been carried out on the effect of various additives on the micellization of surfactants. 31 Different associative behaviors of surfactants in water and other solvents have stimulated interest to elucidate how solvent properties influence aggregation, and many studies have been performed to gain information on the role of a solvent in the aggregation process. 32 Hence, in order to understand (a) the behavior of the CTA-CMCPE in aquoorganic medium and (b) the role of a solvent on the aggregation of CTAB, we determined the cmc values of the surfactant in water/dimethyl formamide (H2O/DMF), as well as in water/dimethyl sulfoxide (H2O/DMSO) medium using the proposed CTA-CMCPE. We have also compared the cmc values of CTAB obtained by potentiometric measurements using CTA-CMCPE with those obtained by conductivity measurements at the same temperature to determine the response nature of the electrode in mixed aquo-organic mediums. The cmc values of CTAB obtained in aquo-organic medium (containing varying amount v/v%) of DMF and DMSO by potentiometric as well as conductivity measurements are reported in Table 5 . It is evident from the results that the cmc values of CTAB in aquo-organic media are higher than that in aqueous media and increase with the increase of organic solvent content. Consequently, an appreciable increase in the upper limit of the linear range (ULLR) of the electrode was observed when it is used in these aquo-organic media. The increase in the cmc values of the studied surfactants in the presence of DMF and DMSO can be attributed to an increase in the solvation of the hydrocarbon chains of the surfactant by DMF and DMSO, thus lowering the hydrophobic effect, and the driving force for micellization, leading to higher values of cmc in the presence of DMF or DMSO. 33 The calibration graph (Fig. 4) , constructed in the presence of DMF or DMSO for CTA-CMCPE, shows a Nernstian response up to ∼40% v/v organic solvent. At higher concentrations of DMF and DMSO (>40% v/v), the electrode loses its sensitivity, and can not be used for cmc determination using potentiometic measurements.
Conclusions
Based on the results discussed in this paper, cetyltrimethylammonium-tetrachloropalladate(II) can be considered to be a suitable ion-exchanger for constructing a carbon paste and PVC-membrane selective electrodes for the potentiometric determination of cetyltrimethylammonium ion in solution. The modified carbon paste electrode (CTA-CMCPE) with a paste composition of 3.6 wt% cetyltrimethylammoniumtetrachloropalladate(II), 1.8 wt% ethylhexadecyldimethylammonium bromide, 37.6 wt% graphite and 57 wt% tricresyl phosphate shows significant superiority over the PVCmembrane electrode in terms of its wide concentration range 6(± 0.5)× 10 -7 to 1.0(± 0.1)× 10 -3 M and long-term stability.
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Fig . 3 Potentiometric response of CTA-CMCPE to CTA + ion concentrations below and above the cmc value of CTAB in pure water at 25˚C. The CTA-CMCPE was used for the potentiometric determination of CTAB in different media and on-line direct potentiometric monitoring of this surfactant in a flow system. The electrode shows high sensitivity, reasonable selectivity, fast static response, long-term stability and applicability over a wide pH range with a minimal sample pretreatment. The cmc value of CTAB was accurately determined using the CTA-CMCP electrode in aqueous solutions and in aquo-organic media containing varying amounts (v/v%) of DMF and DMSO.
